Muscarinic K' channels in inside-out patches of atrial cells from guinea pig or rabbit can be activated by Mg2`-ATP in the absence of acetylcholine and GTP or GDP. The ATP-dependent activation involves a phosphorylation and is postulated to be due to the association of a membrane-bound nucleoside diphosphate kinase (NDPK) with the G protein GK: direct phosphorylation of the GK-bound GDP into GTP, catalyzed by NDPK, would result in activation of the G protein and, hence, activation of the channels. The aim of this study was to identify the presence of NDPK activity in atrial membranes by investigating the phosphate transfer between tritium-labeled nucleotides. We show that frog, guinea pig, and human atrial membranes contain a substantial NDPK activity since they catalyze the conversion from 
Activation of atrial muscarinic K' channels by ;.. acetylcholine requires the presence of intracel-.LXklular GTP since a GTP-binding protein (denoted as GK) is involved in signal transduction. However, we and others have recently shown that in inside-out patches of guinea pig' or rabbit2 atrial cells, muscarinic K' channels can be activated by Mg2+-ATP in the absence of agonist and GTP or GDP. This activation was explained by assuming the presence of a membrane-bound nucleoside diphosphate kinase (NDPK) associated with the G protein GK. The NDPK enzyme (or group of enzymes) catalyzes the conversion of nucleoside diphosphates (NDPs) to nucleoside triphosphates (NTPs) by the general reaction sequence N1TP+N2DP-N1DP+N2TP (for an overview, see Parks and Agarwal3). GK-associated NDPK can activate the G protein by directly transferring a phosphate group from ATP to GDP on the G protein,1 a mechanism that is different from the agonist-induced GDP to GTP exchange. The presence of NDPK may have major physiological relevance for the regulation of muscarinic K+ channel activity and, hence, for the electrical in atrial cells was postulated by others,4 we wanted to ascertain that atrial membranes indeed contain this enzymatic activity. The aim of this study was to identify the presence of NDPK in atrial membranes and characterize its enzymatic activity with different nucleotides as substrates to correlate the data with the efficiency of these nucleotides in the activation of muscarinic K+ channels. In most experiments, we used the crude atrial membranes of the frog (Rana esculenta) because they are less contaminated by sarcoplasmic reticulum. Initially, we will show that muscarinic K+ channels from frog cells can be activated in an ATP-dependent way, indicating that this activation mechanism is not restricted to mammalian cells. The second part of the present study deals with experiments on crude atrial membranes of the guinea pig and on different membrane fractions of human atrium, showing that an important membrane-bound NDPK enzymatic activity is present in these species also.
Materials and Methods Isolation of Single Frog Atrial Myocytes and Patch-Clamp Recordings
Single atrial cells of the frog species Rana esculenta were dissociated by enzymatic dispersion by Langendorff perfusion. The aorta was cannulated, and the heart was perfused at room temperature. The following perfusions were performed consecutively: 1) 5 minutes with a Ca2`-free solution containing (mM) NaCl 130, KCl 5.4, KH2PO4 1.2, MgSO4 1.2, glucose 10, and HEPES 6 at pH 7.2 (NaOH), 2) 5 minutes with a Ca2+-free solution containing 76 units/ml collagenase (Worthington Biochemical Corp., Freehold, N.J.) and 0.7 units/ml protease VII (Sigma Chemie GmbH, Deisenhofen, Germany), and 3) 5 minutes with a low (180 ,M) Ca21 solution. After the perfusions, the cells were dispersed and stored at room temperature in the same low Ca21 solution.
Cells were transferred to a tissue bath placed on the stage of an inverted microscope. The bath was perfused at a flow rate of [3] [4] ml/min with a bathing solution containing (mM) potassium aspartate 130, MgCl2 10, K2HPO4 0.3, glucose 5.5, EGTA 1, HEPES 5, and ATP 4 at pH 7.3 (KOH) (total K+ concentration, 140 mM).
No GTP was added unless otherwise mentioned. The resting membrane potential of the cells under these conditions is estimated at 0 mV. The free Mg2+ concentration was kept constant at 5.7 mM. We performed single-channel experiments in the cell-attached and inside-out mode by means of the patch-clamp technique described by Hamill et a15 using the EPC-7 amplifier (List Medical Electronic, Darmstadt, Germany). Membrane potentials are expressed with the extracellular side as reference. All experiments were carried out at room temperature. The patch-clamp pipettes were made from hard-glass capillaries (Jencons, Leighton Buzzard, Bedfordshire, UK) by a two-stage vertical puller. The Membrane Preparation From Frog, Guinea Pig, and Human Atria Atrial membranes were prepared with a modified protocol according to procedures reported for canine6-8 or rabbit9 cardiac membranes. The whole procedure was performed at 4°C. Human, guinea pig, or frog atria were minced using scissors and an Ultraturrax homogenizer in a buffer containing (mM) sodium pyrophosphate 20, Tris-HCl 10, K2EDTA 1, dithiothreitol 10, and the protease inhibitor cocktail phenylmethylsulfonyl fluoride (PMSF) 0.2, leupeptin 10'3, and pepstatin 10`3 at pH 7.4. The homogenates were centrifuged at 500g for 5 minutes. The pellet was homogenized and centrifuged once more, and the second supernatant was added to the first. The supernatants were filtered through three layers of cheesecloth and again centrifuged at 7,000g for 15 minutes. Crude membranes were sedimented at 47,000g for 30 minutes from the 7,000g supernatants of guinea pig or frog atria and resuspended in a solution containing (mM) sucrose 250, EDTA 1, leupeptin 10-3, pepstatin 10'3, PMSF 0.1, and histidine HCl 10, at pH 7.4, followed by three 5-second sonications (20 kHz, on ice) and one additional wash in the same solution.
The 7,000g supernatant of human atria was supplemented with KCl and sodium pyrophosphate to final concentrations of 300 and 50 mM, respectively. Also, sucrose was added to a final concentration of 1.08 M (37% wt/vol) to perform a sucrose flotation step to separate sarcolemmal from sarcoplasmic reticular vesicles. Eighteen milliliters of the 37% sucrose solution containing the membranes was overlaid with 7 ml of a 27% sucrose solution (0.79 M) containing (mM) KCl 300, sodium pyrophosphate 50, and Tris-HCl 100 at pH 7.4 and including the protease inhibitors PMSF, EDTA, leupeptin, and pepstatin, as mentioned above. Finally, the centrifuge tubes (model SW-28, Beckman Instruments, Inc., Fullerton, Calif.) were completely filled with an additional 14 ml of an 8% sucrose solution (0.25 M). The samples were centrifuged for 4 hours in a Beckman SW-28 rotor at 26,000 rpm (114,000g). After centrifugation, the vesicles at the 8-27% interface (denoted as the sarcolemma-enriched fraction) and those that had remained in the 37% sucrose solution (denoted as the sarcoplasmic reticulum-enriched fraction) were recovered. They were diluted, sedimented, and washed in the same buffer as described above for the crude membranes or in a solution containing (mM) NaCl 120, sucrose 250, EGTA 1, dithiothreitol 10, and Tris-HCl 10 at pH 7.4 with the protease inhibitors PMSF 0.1, leupeptin 10-3, and pepstatin 10-3. Aliquots were stored at -80°C.
Biochemical Characterization of the Atrial Membrane Fractions
Protein content was estimated by spectrophotometric determination of the (purple) reaction product of Cu+ and bicinchoninic acid after a classical biuret reaction, as available in commercial kits (Micro BCA, Pierce Chemical Co., Rockford, Ill.). Bovine serum albumin was used as a standard.
Na,K-ATPase activity was determined as the digitoxigenin-sensitive activity (10 ,uM) Figure 1A demonstrates that, similar to guinea pig' or rabbit2 atrial cells, muscarinic K' channels in frog atrial cells can be activated by Mg2e-ATP, whereas acetylcholine and GTP are absent from the extracellular and intracellular solutions, respectively. Only sporadic openings of muscarinic K+ channels were observed in cell-attached conditions (basal activity) and during the first minute after formation of an inside-out patch (tracings a and b in Figure 1A ). Thereafter, channel Figure 4C . 
NDPK Enzymatic Activity in Atrial Membranes of Humans
We first prepared crude human atrial membranes and subsequently performed a sucrose flotation step to partially separate sarcolemmal vesicles from sarcoplasmic reticular vesicles, as described in "Materials and Methods." The specific activity of Na,K-ATPase in the sarcolemma-enriched fraction increased 23-fold with the sucrose flotation step (from 0.11 in the crude preparation to 2.52 ,umol Pi formation/mg per 10 minutes). Also, the 5'-nucleotidase activity increased 20-fold from 0.17 to 3.37 ,gmol/mg per 10 minutes. The total specific activity of Ca,Mg-ATPase in the sarcolemma-enriched fraction also increased fivefold to 10-fold after sucrose flotation.
However, whereas only 5-8% of the 32P-phosphorylated Ca,Mg-ATPases was found in the 130-kd (sarcolemmal) ATPase in crude membranes, 62-72% of the Ca,MgATPase phosphoprotein resided in the 130-kd band after sucrose flotation. This would indicate that sarcolemma was purified between 39-and 115-fold, relative to the sarcoplasmic reticulum.
The ratio of the specific Na,K-ATPase and Ca' ,Mg-2+ ATPase activities was 0.94 for the crude membrane fraction, 2.06 for the sarcolemma-enriched fraction, and 0.06 for the sarcoplasmic reticulum-enriched fraction. Figure 7A shows some key experiments with sarcolemma-enriched membranes. Figure 2 ). Kim12 '3 Similar results were reported for NDPK preparations of HeLa S3 cells.24 Block of channel activation by GDP is due to uncoupling of NDPK from GK (and not to inhibition of the catalytic activity), whereas in the experiments of the present study the enzymatic activity of the uncoupled enzyme is studied (i.e., without direct interaction with the G protein).
We have shown that atrial membranes from human and guinea pig atria contain NDPK enzymatic activity. The relative efficiencies for the three sets of phosphate transfer studied were similar in all species, as is summarized in Table 2 
